We have isolated and studied the expression pattern of Xemx1 and Xemx2 genes in Xenopus laevis. Xemx genes are the homologues of mouse Emx genes, related to Drosophila empty spiracles. They are expressed in selected regions of the developing brain, particularly in the telencephalon, and, outside the brain, in the otic vesicles, olfactory placodes, visceral arches and the developing excretory system. We also report on experiments concerning the tissue and molecular signals responsible for their activation in competent ectoderm. Xemx genes are activated in ectoderm conjugated with head organizer tissue, but not with tail organizer tissue. Furthermore, they are not activated in animal caps either by noggin or by Xnr3, thus suggesting that a different inducer or the integration of several signals may be responsible for their activation.
Introduction
During early vertebrate development, after the three germ layers have reached their final positions in the embryo, the presumptive central nervous system (CNS) becomes first evident as a thickened part of the ectodermal layer, which subsequently rolls into the neural tube and deepens under the future epidermis. At least in Xenopus, the presumptive regions corresponding to the CNS main subdivisions may be identified at the open neural plate stage (Eagleson and Harris, 1989) . However, the patterning of the future brain is best seen after neural tube closure, when vesicles are formed anteriorly that correspond to the proencephalon, mesencephalon and rhombencephalon, which are themselves further subdivided in the developmental stages that follow. The rest of the CNS, caudal to the rhombencephalon, will give rise to the spinal chord. Several gene activities may control, directly or indirectly, establishment of a defined anteroposterior pattern within the central nervous system and many of them are turned on during gastrulation in response to early events of neural induction (see reviews by Doniach, 1993; Kessler and Melton, 1994; Lumsden and Krumlauf, 1996; Sasai and De Robertis, 1997) . As examples, during frog gastrulation, Otx genes and Hox genes are activated in the rostral and in the trunk/spinal region of the neuraxis, respectively (Dekker et al., 1992; Blitz and Cho, 1995; Pannese et al., 1995; Kablar et al., 1996) . Other genes may instead become active at later stages of neural development, and, within the rostral part of the neuraxis, they may account for the identification of specific regions in the developing vertebrate brain (Papalopulu and Kintner, 1993; Papalopulu, 1995 (review) ; Casarosa et al., 1997) . A question of interest is to understand the nature of the signals, both at the tissue and the molecular level, which trigger these genetic activities. Classical experiments on amphibians have shown that the CNS is induced by signals from the dorsal blastopore lip, also known as Spemann's organizer; furthermore, the early blastopore lip is able to induce head structures, while the blastopore lip of a later-stage embryo is a trunk-tail inducer (Spemann, 1938; Andreazzoli et al., 1997) . Several secreted proteins that may account for the organizer activity (noggin, chordin, follistatin, Xnr3, cerberus) have been characterized and shown to work as early neural inducers (Lamb et al., 1993; Hemmati-Brivanlou et al., 1994; Sasai et al., 1995; Bouwmeester et al., 1996; Hansen et al., 1997) . At least for noggin, chordin, follistatin and Xnr3, definite evidence shows that they promote neural induction by antagonizing the bone morphogenetic protein (BMP) signaling pathway, which drives the ectoderm towards an epidermal fate (Sasai et al., 1995; Wilson and Hemmati-Brivanlou, 1995; Piccolo et al., 1996; Zimmermann et al., 1996 ; see also Sasai and De Robertis, 1997 for a review). All these molecules work as anterior inducers, being able to promote, within ectodermal explants, the expression of pro/mesencephalic neural markers such as Xotx2 (Lamb et al., 1993; Hemmati-Brivanlou et al., 1994; Sasai et al., 1995; Bouwmeester et al., 1996) , Cpl1 (Knecht et al., 1995; Hansen et al., 1997) , XBF-1 (Papalopulu and Kintner, 1996) and opsin (Hemmati-Brivanlou et al., 1994) , but not of hindbrain/spinal cord neural markers, such as Krox-20 or XlHbox6 (Lamb et al., 1993; Hemmati-Brivanlou et al., 1994; Sasai et al., 1995; Hansen et al., 1997) . Therefore, they may account for the initial step of neural induction ('activation') as defined by Nieuwkoop (1952a,b) . However, it is not altogether clear whether antagonizing the BMP signaling may be sufficient to trigger all of the necessary genetic activities that will pattern the anterior CNS into a proper brain, or whether the action of the abovementioned neural inducers needs to be integrated by some other signals.
Among the several genes active in early rostral brain, the vertebrate Emx genes are of particular interest. These genes are homologous to the Drosophila empty spiracles gene, required for the development of specific ectodermal segments of the head and of specific neuromeres of the embryonic brain (Cohen and Jurgens, 1991; Hirth et al., 1995) . During early development of the mouse, Emx genes are specifically expressed in the presumptive cerebral cortex along its entire antero-posterior extension, including the olfactory bulbs (Simeone et al., 1992a,b; Boncinelli et al., 1993) . Moreover, a different pattern of expression of the two genes becomes evident at later developmental stages. While Emx2 is expressed in the proliferative ventricular zone, Emx1 is also expressed in postmitotic neurons . This pattern of expression strongly suggests that these genes may play a pivotal role in both the early determination of the cerebral anlage and in the proliferation/differentiation of the cortical neurons. This dual role seems to be confirmed by inactivation of the two genes in the mouse. Emx1 knockouts have a poorly-differentiated cerebral cortical layer and a disorganized corpus callosum (Yoshida et al., 1997) . In Emx2 knockouts the whole cortex is strongly reduced and the dentate gyrus is missing (Pellegrini et al., 1996; Yoshida et al., 1997) .
In the present paper we report on the cloning of Emx homologues in Xenopus. After defining the expression pattern of the frog Xemx genes, we took advantage of the amphibian system to investigate the nature of the inductive signals, at both the tissue and the molecular levels, that are able to trigger Xemx gene expression within the early developing brain. The present results are discussed in relation to general aspects of forebrain induction and patterning.
Results

Cloning of Emx homologues in Xenopus laevis
Several clones were purified after a low-stringency screen using murine Emx1 and Emx2 probes. Positive recombinant l phages were essentially of two types (Xemx1 and Xemx2), corresponding to the probes respectively used in the screening procedure. Fig. 1 shows the deduced peptide sequences of Xemx1 and Xemx2, compared with those of the murine Emx1 and Emx2, respectively (Simeone et al., 1992b) . Xemx1 has 81% homology with the murine Emx1 and 58% homology with zebrafish emx1 (Morita et al., 1995) , while Xemx2 shows 90.5% homology with the murine Emx2 and 88.7% homology with zebrafish emx2 (Morita et al., 1995) .
Xemx1 gene expression in the brain
Localized Xemx1 transcripts are first detected by wholemount in situ hybridization at the early neurula stage (stage 13, data not shown). At stage 14, labeling is clearly detectable in a small lateral area on each side of the anterior neural plate (Fig. 2a) . In double in situ hybridization, this area is directly adjacent to the area expressing Xdll-3 (Papalopulu and Kintner, 1993) (Fig. 2c) , and corresponds roughly to the primordium of the dorsal telencephalon, according to Eagleson and Harris (1989) . After neural tube closure, labeling is visible in the area corresponding to the developing dorsal prosencephalon (stage 22, Fig. 3a) .
Starting from stage 25/26, a new site of expression appears at the ventral border between diencephalon and mesencephalon (data not shown) where Xemx1 transcription is maintained during the stages that follow (see below).
During subsequent stages, Xemx1 continues to be expressed in the anterior and dorsal regions of the prosencephalon, with a rather sharp posterior boundary (stage 37, Fig. 3b,c) . In order to define the posterior limit of the Xemx1 expression domain, we performed double-labeling in situ hybridization experiments on stage 30/31 embryos using Xotx-b as a second probe. In addition to the eye vesicle, Xotx-b stains the pineal gland primordium, which is almost at the anterior limit of the dorsal diencephalon (Fig. 6) . The Xemx1 prosencephalic domain of expression does not reach the pineal gland region posteriorly, leaving a gap between the domains of expression of the two genes (Fig. 6 ). This suggests that the posterior border of Xemx1 expression might coincide with the dorsal boundary between telencephalon and diencephalon. This is also confirmed by sectioning of Xemx1 hybridized embryos (see below).
At tadpole stages Xemx1 is also detectable in other brain regions. Anteriorly to its main, dorsal telencephalic domain of expression, Xemx1 is transcriptionally active in a thin area, corresponding to the olfactory region (see below); more posteriorly, the Xemx1 probe stains two additional small, well-defined and paired areas at the ventral boundary between diencephalon and mesencephalon, as well as two narrow stripes along the ventral mesencephalon (stage 40; Fig. 3d ). All these Xemx1-positive areas are precisely mapped after sectioning of stage 33 and 37 hybridized embryos (Figs. 4 and 5) . Transverse sections at the anterior-most level of the embryo show strong hybridization of the Xemx1 probe to the whole thickness of the dorsolateral part of the neural tube (corresponding to the dorsal telencephalon), with clear exclusion of the lamina terminalis. Ventral to this area, Xemx1 is expressed in a narrow peripheral domain on the outer margin of the neural tube (Fig. 4a) ; this region corresponds to the area bulbaris, which receives the axons of the olfactory organ and will differentiate into the bulbus olfactorius accessorius (Clairambault, 1976) . No Xemx1 expression is detectable in the basal telencephalon, between the two positive olfactory areas. The Xemx1-positive diencephalic/mesencephalic area appears as a thin stripe (Fig. 4b) , while the mesencephalic labeling appears as two paired spots within the ventral part of the midbrain (Fig. 4c ). Frontal sections of hybridized embryos (stage 33) at a ventral level confirm that transcription of Xemx1 occurs in two paired thin peripheral bands in the anterior part of the telencephalon (Fig. 5a) . In sections at an intermediate level, the hybridization signal covers the whole telencephalic wall (dorsal telencephalon) except for the lamina terminalis at the anterior end of the neural tube (Fig. 5b) . Dorsal sections also show Xemx1 expression at the boundary between diencephalon and mesencephalon ( During successive stages, Xemx1 expression declines in the diencephalon and mesencephalon, while persisting in the telencephalon until stage 45, the latest stage we have studied (data not shown). Thus, the Xemx1 gene is constantly active in the dorsal telencephalic vesicle.
Xemx2 gene expression in the brain
Xemx2 is first activated at early neurula (stage 13, data not shown). At stage 14, labeling is clearly detectable in two symmetrical areas of the anterior neural plate (Fig. 2b) ; mapping of these areas with respect to the anterior border of the neural plate, positive for Xdll-3 expression (Papalopulu and Kintner, 1993) , shows that Xemx2 is transcribed in a more medial position than Xemx1 (Fig. 2d) .
After neural tube closure, strong Xemx2 expression is localized in the presumptive dorsal telencephalon (stage 22, Fig. 3e ). From stage 24, a novel site of expression appears in the olfactory placode, coinciding with its morphological differentiation (data not shown). Analysis of benzyl benzoate/benzyl alcohol (BB/BA) cleared embryos shows that Xemx2 expression is also detectable in the ventral diencephalon and mesencephalon from stage 25/26 onwards (data not shown). At late tailbud stage (stage 30/ 31) two domains of expression are clearly distinguishable in the frontal part of the embryo: the first one corresponds to the dorsal part of the telencephalic vesicle, the second to the olfactory placode (Fig. 3f ). Double labeling with Xemx2 and Xotx-b shows that the posterior boundary of Xemx2 expression is clearly anterior to that of the pineal gland primordium (Fig. 6 ) and suggests, as for Xemx1, that this limit may correspond to that between telencephalon and diencephalon. This is also confirmed by sectioning of hybridized embryos (see below).
During subsequent stages, Xemx2 expression is maintained in the dorsal telencephalon and in the olfactory placode ( Fig. 3g-i) .
We have studied Xemx2 expression in the telencephalon in transverse and frontal sections of whole-mount hybridized embryos. At stage 30/31 this gene is expressed in the whole neuroepithelium of the dorsal telencephalon ( Fig. 7 and data not shown) . However, at stage 33 the expression pattern of Xemx2 varies along the antero-posterior and the ventro-dorsal axes of the telencephalon. In transverse sections, the most anterior regions of the neural tube are labeled by Xemx2 probe only in the ventricular zone (Fig. 4d) ; however, at a more posterior level, the signal is detected in the whole thickness of the dorsal telencephalic wall (data not shown). On the other hand, in frontal sections, the most ventral ones show that Xemx2 transcription is restricted to the ventricular zone of the telencephalon, while, more dorsally, expression of the gene is detectable throughout the entire wall (Fig. 5e,f) . This contrasts sharply with Xemx1 expression, which at corresponding levels, can be detected through the whole thickness of the dorsal telencephalic wall (Figs. 4a and 5b). As for Xemx1, a thin Xemx2-positive ventrolateral domain is detectable within the telencephalon, both in transverse and in frontal sections, which corresponds to the area bulbaris (Figs. 4d and 5d ). After stage 33, Xemx2 transcription in the telencephalon declines and is perceptible only in whole-mount embryos, as a thin stripe in the most medial part of the telencephalic wall (Fig. 3g,i) .
Moreover, sections show that other sites of Xemx2 expression are detectable in the diencephalon, (posterior hypothalamic and thalamic regions), and in the mesencephalic tegmentum (Figs. 4e,f and 5e,f). At late tadpole stages, expression of the gene declines rapidly and after stage 40 is no longer detectable within the brain (data not shown).
Other sites of expression of Xemx genes
Besides their expression in the CNS, Xemx genes are also transcribed in other regions of the embryo, successively to their first activation in the prospective brain region.
Xemx1 is actively transcribed in the pronephros, beginning from stage 21/22 (data not shown, Figs. 3c and 8b). At later tailbud stages, transcription of this gene is also detectable in the Wolffian duct. Xemx1 is also transiently transcribed in the branchial region (Fig. 3c) .
Xemx2 is expressed in the cement gland anlage; activation of the gene in this region occurs at stage 15 and is very transient, since by stage 18 we could no longer detect the signal (data not shown). Xemx2 is activated in the first two visceral arches, beginning from stage 28 (data not shown). The gene is later transcriptionally activated in the posterior branchial arches, paralleling their morphological differentiation (Fig. 3g,h ). Transverse and frontal sections show that Xemx2 is specifically expressed in the skeletogenic neural crest cells, which surround a core of myogenic mesoderm (Fig. 4e,f and data not shown) . After stage 37, Xemx2 expression in this region gradually declines. Xemx2 expression can be also detected from stage 33 in a restricted medial region of the otic vesicles (Fig. 5f ).
Neural induction assays
To gain more insights onto the nature of signals inducing the activity of Xemx genes, we first tested whether the head organizer was able to trigger their expression in the ectoderm. We thus made conjugates between stage 10 + dorsal blastopore lip and two ectodermal caps and compared them with control conjugates of two recombined animal caps. Each series of conjugates was grown up to stage 24, when both Xemx genes are specifically expressed in the dorsal telencephalon (Fig. 8b) , and tested by whole-mount in situ hybridization for the expression of Xemx genes. As shown in Fig. 8d ,e, both genes are activated in restricted regions of the ectodermal component of the conjugates. As a positive control for anterior neural induction, expression of Xotx2, a marker of the forebrain and midbrain regions (Blitz and Cho, 1995; Pannese et al., 1995) , was also detected in the ectoderm of similar conjugates (not shown). All tested conjugates were positive for the three genes (15/15 for Xemx1; 15/15 for Xemx2; 14/14 for Xotx2). None of them is expressed in a comparable number of control conjugates (data not shown). This shows that signals from the head organizer are sufficient to induce restricted expression of both Xemx genes within the overlaying ectoderm. Similarly, we also tested whether Xemx gene activity was induced by the tail organizer. We thus recombined the dorsal blastopore lip of a stage 12.5 embryo between two ectodermal caps, cultured the conjugates up to stage 24, and subsequently assayed them for Xemx gene expression. As shown in Fig. 8f ,g, induction was only observed in a minority of conjugates both for Xemx1 (5/15) and Xemx2 (3/11); moreover the label on the few positive explants was much fainter than in recombinates with the head organizer. The absence of substantial induction of Xemx genes in tail organizer conjugates is not due to lack of neural induction, since the pan-neural marker nrp-1 (Knecht et al., 1995) is strongly activated in the conjugates; on the other hand, neither the inducing nor the responding tissue displayed substantial levels of nrp-1 activation when tested separately (data not shown). Since protein products from several organizer genes are able to promote anterior neural induction in ectodermal explants by antagonizing BMP signaling (see Section 1 and references therein), we decided to test the ability of some of them to activate Xemx genes in ectodermal explants (animal caps). While both noggin and chordin work by directly binding and inhibiting BMP-4 action (Piccolo et al., 1996; Zimmermann et al., 1996) , the molecular mechanisms of neural induction by other inducers, Xnr3 for example, are not yet defined and they may compete with BMP action through a different molecular mechanism; thus we initially decided to test the neural inducing activity of noggin (Lamb et al., 1993) and of Xnr3 (Hansen et al., 1997) .
Injection of noggin mRNA into 2-cell Xenopus embryos resulted, as expected, in neuralization of explanted animal caps, as shown by the expression of the anterior neural marker Xotx2 (Lamb et al., 1993; Blitz and Cho, 1995; Pannese et al., 1995) (Fig. 9a) ; this neuralization is not due to secondary induction, since dorsal mesoderm cannot be detected in the cap by the muscle actin probe (data not shown). On the other hand, injection of noggin mRNA did not activate expression of either of the two Xemx genes (Fig. 9b,c) .
We subsequently tested on animal caps the neural inducing activity of Xnr3 (Hansen et al., 1997) . Also in this case, Xotx2 was activated in the absence of dorsal mesodermal tissue, while Xnr3 mRNA was not able to activate Xemx genes in animal caps (Fig. 9d-f) . In each set of experiments uninjected control caps did not express any of these markers (not shown).
Discussion
empty spiracles related genes in development of the vertebrate brain
In Drosophila, development of the rostralmost head segments is governed by a specific set of genes, including the homeobox gene empty spiracles (Cohen and Jurgens, 1991) . A search for mammalian homologues of empty spiracles led to the isolation of the mouse Emx1 and Emx2 genes, which were specifically expressed in the rostralmost part of the mouse brain, corresponding to the dorsal telencephalon (Simeone et al., 1992b) .
Here we report on the cloning and developmental expression of the Xenopus Xemx1 and Xemx2 genes, which show extensive conservation with their mouse relatives. Both of them are specifically transcribed during Xenopus embryogenesis in the dorsal telencephalon, with a sharp posterior boundary at the level of the telencephalic/diencephalic boundary. At least for Xemx1, this expression domain seems to be established from very early stages of neural development (early neurula stages). Xemx2 expression domain at early neurula stages, however, is clearly distinct from that of Xemx1 (Fig. 2 and data not shown) , and corresponds to an area that may contribute to both telencephalic and diencephalic regions (cf. Eagleson and Harris, 1989) . On the other hand, soon after neural tube closure, Xemx2 is transcribed in almost the same domain as Xemx1, at the level of the dorsal telencephalon (Figs. 3a,e and 8b ). This discrepancy in Xemx2 expression pattern may be explained in two different ways. One possibility is that Xemx2 plays a role in diencephalic regions where it is transiently expressed during early-to mid-neurula stages. Another possibility is that gene expression patterns within the early neural plate reflect a transient and imprecise scheme of regionalization, which is refined at later stages when gene activities become restricted to their appropriate functional domains. Similar observations have been reported by other authors (Papalopulu and Kintner, 1993; Keynes and Krumlauf, 1994; Eagleson et al., 1995) .
In any case, Xemx genes are therefore among the earliest regulatory genes turned on in the presumptive telencephalon together with XBF-1, Xdll3, Pax6, which also identify specific telencephalic regions (Papalopulu and Kintner, 1993; Papalopulu and Kintner, 1996; Hirsch and Harris, 1997) . Such early and restricted activation of all these genes suggests that morphogenetic subdivision within the rostral brain is accomplished very early in development, between the end of gastrulation and the beginning of neurulation. Thus, Xemx genes also might play an important role in regional specification of the anterior neuroepithelium.
Results from the knockout of Emx2 in the mouse, which leads to the complete deletion or strong reduction of specific parts of the telencephalon (dentate gyrus and hippocampus) also support this interpretation (Pellegrini et al., 1996; Yoshida et al., 1997) .
Xemx expression in the dorsal telencephalon persists throughout larval development. From stage 33, however, a clear difference appears between the two genes, because Xemx2 transcription becomes restricted to the ventricular layers of the neural tube. This restriction of Xemx2 expression might be related to the onset of neurogenesis in the telencephalon, which occurs at about this stage (Hartenstein, 1993) . Recent data in the mouse show that, during cortical neurogenesis, Emx2 is expressed only in proliferating neuroblasts in the ventricular zone, while Emx1 remains active also in post-mitotic neurons ; thus this different expression pattern between emx genes during telencephalic neurogenesis might have been acquired early in vertebrate phylogeny and maintained during evolution. However, at stage 33, in most posterior and dorsal districts of the telencephalon Xemx2 expression is not restricted to periventricular layers; since neurogenetic antero-posterior and ventro-dorsal gradients have been described in the mammalian cerebral cortex (Bayer and Altman, 1991) , it is possible that this spatially different pattern might be due to similar gradients in the onset of neurogenesis within the Xenopus telencephalon.
Xemx genes are also expressed in other brain districts of tadpole-stage embryos, with a spatial pattern substantially similar to that of mouse Emx genes. In particular, it is likely that the Xemx1-positive areas at the diencephalic/mesencephalic boundary and in the mesencephalon correspond to those identified in the mouse by an anti-Emx1 antibody (Briata et al., 1996) .
Xemx gene regulation and neural induction
Building of a proper brain and head is accomplished through a series of inductive events taking place during early development. In amphibians, a crucial inductive role is played by the early Spemann's organizer, the dorsal blastopore lip of the early gastrula, which is able to promote development of an ectopic head when transplanted into the blastocoel of a recipient embryo (Spemann, 1938) . We have shown that this piece of tissue is able to induce restricted expression of both Xemx genes when recombined to uninduced ectodermal explants in sandwich-like conjugates. This shows that the early dorsal blastopore lip can provide signals which are able to activate restricted Xemx (as well as Xotx2) gene expression and which may account for a great part of rostral brain patterning. On the other hand, the tail organizer (dorsal blastopore lip of a late gastrula stage) does not substantially induce Xemx genes in our conjugate assay; only a few explants were positive, and at low levels, for their activation. This finding is in substantial agreement with previous reports which showed only limited activation of anterior genes by posterior dorsal mesoderm taken at early neurula, suggesting that by stage 14 regional inducing abilities of the dorsal mesoderm may be well defined (Saha and Grainger, 1992) . In this respect, our data may in fact support the notion that a good deal of regionalization of inducing abilities has already been acquired by stage 12.5 (late gastrula), at least by the posterior dorsal mesoderm.
As pointed out in Section 1, several secreted molecules are produced by the organizer which may mediate anterior neural activation. Among them noggin, chordin, follistatin and Xnr3 work by preventing the anti-neuralizing action of BMPs (reviewed by Sasai and De Robertis, 1997) . We tested noggin (Smith and Harland, 1992) , and Xnr3 (Smith et al., 1995) , for their ability to activate Xemx gene expression in ectodermal explants. We found that although both are able to trigger an initial step of anterior neural activation, as previously described (Lamb et al., 1993; Hansen et al., 1997) , they are not sufficient to turn on Xemx genes. Thus our results clearly suggest that integrated signals from the head organizer are sufficient for Xemx gene activation, while on the other hand inhibition of the BMP signaling pathway may not be able to trigger all regulatory genes that may be responsible for brain regionalization. Other neural inducers, such as follistatin, which inhibits also the activin signaling pathway (Hemmati-Brivanlou et al., 1994) , and cerberus (Bouwmeester et al., 1996) , whose molecular mode of action has not been elucidated yet, need also to be tested. Cerberus especially seems of particular interest because it is able to induce secondary heads upon injection of its mRNA into Xenopus embryos at the 32-cell stage. In any case, it should be considered that the action of a single molecule may not be sufficient for Xemx gene activation; neural inducers may need to integrate their action, either between themselves or with the activity of other signaling molecules (not necessarily neural inducers), such as hedgehogs Lai et al., 1995) and BMPs as well, which play crucial roles in dorsoventral patterning of the neural tube (Liem et al., 1995) . Future experiments may tell which molecule or combination of molecules is able to trigger Xemx genes in animal cap explants and thus will help in elucidating how a complex brain patterning is generated during early embryogenesis.
Experimental procedures
Library screening and cDNA sequence analysis
Approximately 2 × 10 6 plaque forming units (p.f.u.) of a lgt11 cDNA library prepared from stage-24-25 Xenopus embryos (kindly provided by I. Dawid) were screened at low stringency (43% formamide, 5× SSC, 0.5% SDS, 0.1 mg/ml denatured salmon sperm DNA, 37°C) by hybridization with murine Emx1 and Emx2 cDNA probes. Washing was carried out in 1× SSC, 0.2% SDS at 55°C. Purified DNA from positive l phages was subcloned in pGEM3 (Promega Biotec) and sequenced on both strands using a Sequenase sequencing kit (US Biochemical) according to the supplier's instructions.
Xenopus laevis embryos
In order to obtain embryos, Xenopus females were preinjected with 100 u of pregnant mare serum gonadotrophin (Folligon, Intervet) 4-11 days prior to egg collection, and with 800-1000 u of human chorionic gonadotrophin (Profase HP 2000, Serono) the night before collection. Ovulated eggs were fertilized with testis homogenates and allowed to develop in 0.1× MMR (1× MMR is 0.1 M NaCl, 2 mM KCl, 1.0 mM MgSO 4 , 2.0 mM CaCl 2 , 5 mM HEPES, 0.1 mM EDTA). Jelly coats were removed in 3.2 mM DTT, 0.2 M Tris pH 8.8. Embryos were staged according to Nieuwkoop and Faber (1967) and fixed in MEMFA (Harland, 1991) for in situ hybridization.
In situ hybridization
Whole-mount in situ hybridization was performed on staged wild type or albino embryos as described by Harland (1991) . The antisense or control sense-strand RNA probes were generated from linearized plasmids containing fulllength or partial cDNA inserts. The probes were synthesized to incorporate digoxigenin-11-or fluorescein-12-UTP using bacteriophage SP6 or T7 RNA polymerases. Hybridization of probes to endogenous RNAs was detected by an antidigoxygenin antibody driving alkaline phosphatase reactions after addition of specific chromogenic substrates. We either used an NBT/BCIP mixture or BM-purple (Boehringer Mannheim) as substrates for revealing hybridization; in double in situ hybridizations we used magenta phosphate (Sigma, St. Louis, MO) as an additional substrate for the staining reaction. For analysis of stained embryos, when necessary, whole specimens were cleared using a 2:1 solution of BB/BA. For histological examination stained embryos were fixed in Bouin's, embedded in paraffin, cut into 10-20 mm sections, dried onto slides, dewaxed in xylene and mounted in Eukitt. When pigmented embryos where used, they were bleached after the color reaction as described in Mayor et al. (1995) . The Xemx1 probe (pGEM MC53/3 plasmid) was a 900-bp PstI/EcoRI fragment of the cDNA, including the homeobox region plus the 3′ UTR region. For Xemx2 we used either of two different probes. The shorter Xemx2 probe (plasmid Xemx5/35) was a 580-bp EcoRI/RsaI fragment containing the 5′ UTR and part of the coding region with exclusion of the homeobox. A fulllength Xemx2 probe was transcribed from a different template, plasmid Xemx5. The following other probes for in situ hybridization are described in the literature: cardiac actin (Mohun et al., 1984) ; Xotx2 (Pannese et al., 1995) ; Xotx-b (a kind gift from Scott Stachel and R. Harland); Xdll-3 (Papalopulu and Kintner, 1993) ; nrp-1 (Knecht et al., 1995) .
Embryo explants and conjugates
All of the following manipulations were performed on 1% agarose Petri dishes in gentamicin-supplemented medium (final concentration of antibiotic 50 mg/ml). Animal caps were dissected out of stage 8-9 embryos in 1× MBS; after healing, they were cultured in 0.5× MBS, along with sibling controls. In neural induction assays, injected and control caps were fixed when siblings reached stage 24. Conjugates of head organizer region with naive ectoderm were prepared in 1× MBS by combining the dorsal blastopore lip region (involuted and non-involuted layers) of a stage 10 + gastrula (as defined by Blitz and Cho, 1995) between two stage 9 animal caps; after complete healing, conjugates where transferred in 0.5× MBS. Similarly, conjugates of tail organizer and naive ectoderm were made by combining animal caps with the dorsal blastopore lip of a stage 12.5 gastrula embryo. Head-and tail-inducing activity of organizer fragments was reproducibly tested by the Einsteck procedure (Spemann, 1938) as described in Andreazzoli et al. (1997) (Fig. 8a,c) . Control conjugates consisted of two animal caps apposed at their inner sides. Explants were fixed when siblings of animal ectoderm donors reached stage 24.
In vitro transcription and RNA microinjections
Capped RNAs were synthesized from linearized template plasmids according to Krieg and Melton (1984) . In neural induction assays, the following plasmids and amounts of RNA (per embryo) were used: pdor3 (Xnr3: Smith et al., 1995) , 5 ng; pCS2-noggin (noggin: Smith and Harland, 1992) , 150 pg.
